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Future climate scenarios indicate increasing drought intensity that threatens ecosystem
functioning. However, the behavior of ecosystems during intense drought, such as the
2018 drought in Northern Europe, and their respective response following rewetting is not
fully understood. We investigated the effect of drought on four different vegetation types in
a temperate climate by analyzing dissolved organic matter (DOM) concentration and
composition present in soil leachate, and compared it to two accompanying years. DOM
is known to play an important role in ecosystem recovery and holds information on matter
ﬂows between plants, soil microorganisms and soil organic matter. Knowledge about
DOM opens the possibility to better disentangle the role of plants and microorganisms in
ecosystem recovery. We found that the average annual DOM concentration signiﬁcantly
decreased during the 2018 drought year compared to the normal year. This suggests a
stimulation of DOM release under normal conditions, which include a summer drought
followed by a rewetting period. The rewetting period, which holds high DOM
concentrations, was suppressed under more intense drought. Our detailed molecular
analysis of DOM using ultrahigh resolution mass spectrometry showed that DOM present
at the beginning of the rewetting period resembles plant matter, whereas in later phases
the DOM molecular composition was modiﬁed by microorganisms. We observed this
pattern in all four vegetation types analyzed, although vegetation types differed in DOM
concentration and composition. Our results suggest that plant matter drives ecosystem
recovery and that increasing drought intensity may lower the potential for
ecosystem recovery.
Keywords: High resolution mass spectrometry (HR-MS), recovery from drought stress, microbial carbon,
Lysimeter, dissolved organic carbon (DOC)
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in plant recovery from drought (5, 19). Release of plant organic
matter via DOM is an important ecosystem response during
rewetting following normal summer drought conditions and
increasing likelihood of extreme droughts highlights the
importance of studying the ecological response following more
intense drought (17). DOM molecular composition and
therefore the interaction of the different DOM sources can be
analyzed using high resolution mass spectrometry (HR-MS).
This technique has been used successfully in the past to
characterize DOM in a variety of different ecosystems (11, 21)
(22). HR-MS allows the prediction of molecular formulae, which
give an overview of the molecular composition. Given the
different organic matter sources and abiotic conditions, the
molecular compositions vary between ecosystems, which can
be observed using HR-MS (23). This can lead to a better
understanding of the sources of DOM and transformations
occurring as this is reﬂected in the molecular composition (21).
We monitored DOM concentration and composition present
in soil leachate of four different vegetation types of one ecosystem
over a wet year, a normal year, and a drought year (24). We
therefore investigated the effect of drought on DOM
concentration to obtain information regarding how this
ecosystem responds to drought. We tested the hypothesis that
more intense drought would decrease the DOM concentration
present due to a reduced contribution of plant matter to the
DOM pool triggered by drought conditions. We further
hypothesized a large contribution of plant matter to the DOM
pool following rewetting, which decreases with time after
rewetting while the contribution of microbially processed
compounds increase. This would further indicate that plant
matter is being released and that it re-engages the plant-soilmicroorganism interactions. We tested this hypothesis by
analyzing the DOM molecular composition during the
rewetting period after the extreme 2018 drought using HR-MS.

INTRODUCTION
Drought puts great pressure on ecosystems and can have
devastating ecological and economic effects by, for example,
accelerating tree mortality and decreasing agricultural yields
(1). To predict the effects of future droughts, we need to
understand the respective response of ecosystems (2). The
extreme drought in 2018, which broke both meteorological and
hydrological records, affected much of Northern Europe. As a
result, there was an increase in tree mortality in affected regions
(3). However, this extreme event provided a rare opportunity to
study environments that are not normally exposed to such severe
conditions. Monitoring the effects of drought on plant-soilmicroorganism interactions may give some insight into the
effect of drought on ecosystems (4, 5). Terrestrial ecosystem
functioning depends in part on the organic matter released by
plants, which serves as an energy source for the soil community,
and the respective plant available nutrients that the soil
community can provide by decomposing soil organic matter
(6). The majority of these interactions occur in the dissolved
phase (7). However, the effect of drought on the concentration
and composition of molecules in the dissolved phase has received
little attention.
Dissolved organic matter (DOM) gives insights into plantsoil-microorganism interactions. DOM is a dissolved, mobile
pool of organic compounds that allows easy nutrient shuttling
between plants, soil and microorganisms. DOM is important in
the carbon cycle (8) and differs in concentration and
composition between ecosystems and seasons (9, 10) due to
different inputs, and biotic and abiotic transformations (11).
Thus, due to the rapidly changing nature of DOM, it reﬂects the
ecosystem processes occurring and can be used to understand
ecosystem responses to external factors such as drought.
In temperate regions such as Central Europe, soils are usually
drier in summer than in other seasons, which is followed by a
wetter season during the late autumn and winter (12). The DOM
concentration and composition reﬂect the ecosystem response to
the normal summer drought. It is well-recorded that there is a
peak in DOM concentration following rewetting of dried surface
soils (13, 14), which is reﬂected in the seasonal pattern of DOM
concentration (10). The magnitude of this DOM rewetting peak
is increased upon increasing drought duration and intensity (15)
(16), however, release of plant matter is variable at high drought
intensity (17). This suggests a variable response of ecosystems to
increased drought intensities with respect to the DOM
concentration where plants play a key role, which is not yet
fully understood.
The plant-related response may be reﬂected in the DOM
composition. Under normal, non-drought, non-rewetting
conditions, the main contribution to DOM comes from soil
organic matter (SOM) (18). However, plants continue to release
organic matter during drought, which accumulates in soil during
the dry period due to lack of transport and low microbial activity.
This results in a ﬂush of plant organic matter following rewetting
(18–20). Upon rewetting, the plant matter can then be used by
microorganisms as an energy source, kick-starting the
interaction between microorganisms and plants, which can aid
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MATERIAL AND METHODS
Study Site
The study site is run by the Zwillenberg-Tietz Foundation in
Northeast Germany (Linde, Brandenburg 52°32’41” N 12°40’4”
E, altitude 52 m). At this site, there are four vegetation types:
grassland, oak (Quercus robur), beech (Fagus sylvatica), and pine
(Pinus sylvestris) woodland (Figure S2). The soils at the site have
developed on aeolian sands and have characteristics of podzols
and arenosols (25) (World Reference Base for Soil Resources),
and the surface soils have a pH between 4.1 and 4.8 (26). Each
vegetation type has three sites equipped with sintered glass
suction plates (pore size 1−1.6 µm, 1 cm thickness, 12 cm in
diameter; UMS, Germany) at 5 and 10 cm depth. Each suction
plate is connected with a Teﬂon tube to a glass sampling bottle.
The pressure in the sampling bottles was reduced to 50 mbar
below the soil water tension so that the freely draining soil
leachate was collected (27). Soil leachate samples are collected
every two weeks. Litter layer depth was measured directly above
each site. A nearby weather station (52°32’43” N 12°39’34” E,
altitude 38 m) records precipitation (heated rain gauge, Thies,
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Germany), air temperature, air humidity (Temperaturehumidity-sensor IAK, Mela, Germany) and soil moisture at
10 cm depth (Soil Moisture Probe ML3, ThetaProbe, Delta-T,
United Kingdom) every ten minutes. Periods of dry, rewetting
and moist conditions were determined using soil moisture data.
The onset of dry periods was deﬁned as when the soil moisture
began to fall below average soil moisture. The point of rewetting
was deﬁned by the point at which the soil moisture reached a
level above average soil moisture and the rewetting period was
deﬁned as the two months after this due to variations in the exact
point of rewetting between sites. Moist periods were deﬁned as
the time after the rewetting period where soil moisture was above
average soil moisture. The dry period of 2017 was not
particularly dry so soil moisture often exceeded average soil
moisture. In this case, the rewetting period was attributed to that
occurring during the winter as this was comparable to the other,
drier years and all measurements taken during the summer were
considered to be taken during the dry period. For the subset for
DOM composition analysis, sample collection began following
the point of rewetting in December 2018 and samples were
collected fortnightly until March 2019. Collected samples were
stored at -20°C until analysis. For the purpose of investigating
the effect of drought on ecosystems, we classed a year as
beginning with a dry period, followed by a rewetting and then
moist period. The potential evapotranspiration (PET) and
precipitation (PPT) volume were used to determine the
weather conditions of each year relative to average for the
region (24). PET was calculated from water vapor deﬁcit at
14.00 daily using the Haude equation (28):
PET = f ∗ (es − ea )

methanol (HiPerSolv CHROMANORM, VWR, Germany)/50%
puriﬁed water (Milli-Q Advantage A10) with a ﬁnal DOM
concentration of 20 mg C/L. 100 µL of each sample was
injected into an Orbitrap Elite (Thermo Scientiﬁc) for mass
spectrometric analysis using an ultra-high performance liquid
chromatography system (Dionex Unltimate 3000) with a ﬂow of
20 µL/min of 50% methanol (HiPerSolv CHROMANORM,
VWR)/50% puriﬁed water (Milli-Q Advantage A10). No
separation column was used. Spectra were acquired in negative
mode at an ESI needle voltage of 3 kV. An average of 130 scans of
m/z 100 - 1000 were acquired per sample, these scans were then
combined into one averaged mass spectrum using Thermo
Xcalibur (Version 3.0.63). Only m/z signals with intensities
above a signal to noise ratio of 5 were treated as true signals.

Data Processing
An internal recalibration and sum formula assignment was
performed on the averaged mass spectra post-measurement
using an internal MATLAB script (9.7.0.1190202 (R2019b))
originally developed for another study (30). Only m/z values
between 100 – 750 were used as there were very few signals above
m/z 750. Sum formula assignment was performed with the
following conditions: C ≤ 50, H ≤ 100, O ≤ 40, N ≤ 3, S ≤ 1.
From this, hydrogen to carbon ratio (H/C), oxygen to carbon
ratio (O/C), carbon to nitrogen ratio (C/N), modiﬁed
Aromaticity Index (AI(mod)) (31), nominal oxidation state of
carbon (NOSC) (32) and the difference between double bond
equivalency and number of oxygen atoms (DBE-O) (33) could be
calculated. Molecular formulae were only considered if present
in > 10% of the samples from all sites. Sum formulae were
considered implausible and were excluded if they exceeded the
following thresholds: AI(mod) between 1 and -1, H/C between 0.3
and 2.2, O/C < 1 (34), DBE-O between 10 and -10 (35), and
NOSC between 3 and -3.

(1)

where f is the Haude factor and es – ea is the water vapor
deﬁcit (mm).

DOM Concentration

Data Analysis and Visualisation

Dissolved organic carbon (DOC) concentration was used as a
proxy for DOM concentration. Samples were ﬁltered to < 0.3 µm
using pre-combusted (500°C for 5 hours) glass-ﬁbre ﬁlters
(Sterlitech, USA). Prior to measurement of the original
samples, 200 mL hydrochloric acid (10%, Sigma-Aldrich) was
added to 10 mL of each sample. DOC concentration was
measured using a TOC analyzer (vario TOC cube, Elementar,
Germany). For DOC concentration measurement of solid phase
extracted DOM, which were dissolved in methanol (see below), 1
mL of extract was placed in a pre-combusted (500°C for 5 hours)
glass vial and left to evaporate. 10 mL puriﬁed water (Milli-Q
Advantage A10) and 200 mL hydrochloric acid (10%, SigmaAldrich) were added to the evaporated samples and the samples
analyzed as described above.

All data analyses and visualizations were performed in R 4.0.3
(36) using the packages base 4.0.3 (36), vegan 2.5-7 (37), lme4
(38), emmeans 1.7.0 (39), stats 4.0.3 (36) and ecodist 2.0.7 (40).
All graphs were plotted using ggplot2 3.3.5 (41).
Variables considered to affect DOM concentration were
explored with linear mixed models (LMM) using the lmer
function in package lme4. Flux per square meter were
calculated by multiplying DOM concentration, sample volume
and area of the suction plate used to collect the samples. Fluxes
were also examined using LMM. LMM were created using the
step-wise inclusion of ﬁxed effects, beginning with a null model,
which included the identity of the sampling site as a random
effect to account for repeat measurements from each site.
Vegetation type, sampling depth, period (dry, rewetting, moist)
and year (wet, normal, drought) were all treated as ﬁxed effects
and were added sequentially. The following interaction terms
were then sequentially added: vegetation type x period, depth x
period, year x period, year x depth and year x type. The
maximum likelihood (ML) method was applied and likelihood
ratio tests (c2) were used to indicate the ﬁxed effects that
signiﬁcantly improved each model using the anova function in

DOM Extraction and Mass
Spectrometric Analysis
DOM extraction was performed using PPL cartridges (styrenedivinylbenzene polymer, Agilent, Germany) according to wellestablished protocols (29). Prior to analysis, an aliquot of each
sample was diluted to give a ﬁnal solvent composition of 50%
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the stats package. P values also showed ﬁxed effects that
signiﬁcantly improved the model. To identify the speciﬁc
differences observed, for example, whether beech or oak had
the highest DOM concentration, and if this was signiﬁcant,
pairwise comparisons were performed. For the pairwise
comparisons, estimated marginal means of the relevant model
ﬁtted with restricted maximum likelihood (REML) were used
with the emmeans function in the emmeans package. The HSDTukey adjustment was used.
Principal coordinate analysis (PCoA) was used to compare
the DOM of the subset of samples taken for compositional
analysis between December 2018 and March 2019, and look
for spatial and temporal trends in the molecular composition.
Prior to PCoA of DOM molecular composition, the Hellinger
transformation was applied to the mass lists processed as
described above to normalize the data and reduce the
explanatory power of low intensity peaks (42). The vegdist
function in the vegan package was then used to calculate the
Bray-Curtis dissimilarity and the eigenvalues calculated using the
pco function of the ecodist package. The relative intensityweighted mean of parameters ((H/C)w, (O/C)w, (C/N)w, (AI
(mod))w, and (m/z)w) were then calculated using the function
weighted.mean in stats. The relative intensity-weighted means
and the number of days following the point of rewetting were
then used to calculate environmental factors, which were ﬁtted
onto the ordination plot using the envﬁt function in the vegan
package. The resulting projections show the maximum level of
correlation with the chemical composition of the samples.
Correlations of molecular formulae over time were used to
determine which types of molecules were increasing in
abundance and which were decreasing. Pearson correlation of
absolute intensity of each sum formula with number of days
following rewetting was applied to the reﬁned mass lists using the
cor function of base.

The sample volume LMM showed similar results to the DOM
ﬂux with the exception of the interaction term between
vegetation type and period (Table 1).
During the normal year, the DOM concentration was
signiﬁcantly higher than during the wet and drought years,
which had similar DOM concentrations (Figure 2). However,
the DOM ﬂux during the wet year was greatest, followed by the
normal year, then the drought year; all differences were
signiﬁcant (Table S1). The average sample volume collected
was greatest during the wet year, and similar during the
normal and drought years (Table S2). Although the results
look like the DOM concentration of the wet year is closer to
that of the normal year than the drought year, the differences
shown were calculated using LMM, which accounts for nonindependence of the data due to repeat sampling from the
same well.
There was a rewetting peak during the normal year, evident
through a signiﬁcant increase in the DOM concentration
between the dry and rewetting periods, and a slight decrease
during the moist period (Figure 3). We did not observe a
rewetting peak during the wet year; the DOM concentration
during the dry period was similarly high to that of the
rewetting period, although the moist period contained
signiﬁcantly lower DOM concentrations. There was also no
rewetting peak during the drought year, as there was little
change in the average DOM concentration between the
different periods of the year.
The overall lower DOM concentration during the wet year
relative to the normal year (Figure 2) was caused by a
signiﬁcantly lower DOM concentration during the moist
period and slightly lower DOM concentration during the
rewetting period (Figure 3). The signiﬁcantly higher DOM
concentration during the dry period of the wet year compared
to the normal year was not enough to compensate for the lower
DOM concentrations during the other periods of the year
(Figure 3). We observed a different trend during the drought
year. The overall decrease in DOM concentration of the
drought year relative to the normal year was caused by a
signiﬁcant decrease during the rewetting and moist periods
(Figure 3), whereas DOM concentrations in the dry period
were similar in drought and normal years. The different
seasonal trends in the wet and drought years that caused
similar average DOM concentrations are also evident in
DOM ﬂuxes. The overall ﬂux was highest in the wet year and
lowest in the drought year (Table S1), however, this effect was
mainly driven by the availability and volume of the collected
water (Table S2).
The overall large variability of DOM concentrations within
and between the years is mainly caused by the great variation of
DOM concentrations between the vegetation types analyzed
(Table 1). DOM concentrations were similar in beech and pine
woodland (p = 0.98), and in oak woodland and grassland
(p = 0.22) but all other combinations of vegetation types were
signiﬁcantly different (p < 0.05; Table S3). The vegetation types
with the greatest DOM concentrations – pine and beech – also had
greater litter layer thickness and more acidic soils than the

RESULTS
DOM concentration varied both within and between years and
vegetation types (Figure 1). With respect to average precipitation
and potential evapotranspiration in Germany, 2017/2018 was a
wet year, 2018/2019 was a dry year, and 2019/2020 was a normal
year (24) (Figure S1). For ease of understanding, they are
hereafter described as wet year (2017/2018), normal year
(2019/2020) and drought year (2018/2019).
The LMM showed that vegetation type, period, and year all
have a signiﬁcant effect on DOM concentration (Table 1).
DOM concentration during different periods of the year
varied depending on vegetation type and year but was not
inﬂuenced by sampling depth (Table 1). As indicated by the
signiﬁcant interaction terms in the LMM, DOM concentration
during different years depends on vegetation type, but not on
sampling depth (Table 1). The DOM ﬂux LMM showed similar
results as the DOM concentration LMM with the exception of
depth and the interaction term between depth and period,
which were only signiﬁcant in the DOM ﬂux LMM (Table 1).
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FIGURE 1 | DOM concentration per vegetation type between 2017 and 2021. Soil moisture (red) and precipitation (light blue) data are also plotted. Yellow periods
indicate dry conditions, blue indicates rewetting conditions and white indicates moist conditions. Dry conditions and the point of rewetting were determined relative
to the average soil moisture marked here as a black horizontal line. Rewetting conditions were determined as occurring for two months after the point of rewetting
due to variation in the actual point of rewetting between different ecosystems.

vegetation types with lower DOM concentrations – oak and
grassland (Table S4).
Despite the difference in DOM concentration, the pattern of
DOM concentration between years and periods of the year in
pine, oak and grassland was similar to the overall trends we
observed. However, the pattern of DOM concentration between
years and periods of the year in beech, the site with the highest
DOM concentration and greatest litter depth, was different to the
overall trends (Figure 4). Relative to the normal year, the wet and
drought years caused a decrease in DOM concentration in
grassland, oak and pine, in line with the overall trend observed
(Figure 2). However, at the beech woodland site, the normal year
had the lowest DOM concentration of all years (Figure 4).
Vegetation types also responded differently during different
periods of the year with respect to DOM concentration. Beech
woodland had the lowest DOM concentration during the
rewetting period, whereas the DOM concentration was highest
during the rewetting period in all other vegetation types, in line
with the overall trend (Table S3). DOM concentration alone is
not enough to determine the driving factors of the higher DOM
concentration during the rewetting period, DOM composition,
however, can give further insights.
The molecular composition of DOM separated the different
vegetation types in the principal coordinate analysis well
(Figure 5). PC1 explains 32% of variance, separating the
different vegetation types, suggesting that the difference in
DOM composition between vegetation types is greater than the
changes in DOM composition following a rewetting event. The
vegetation-related PC1 is best explained by C/N, O/C and m/z.
Higher C/N indicates less nitrogen, higher O/C indicates more
oxygen in the DOM. Grassland DOM contains more nitrogen,
less oxygen and has a smaller molecular size than the woodland
sites. Woodland sites are further separated with pine and beech
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woodlands containing less nitrogen, more oxygen and
metabolites with a greater molecular size. As reﬂected by the
DOM concentrations above, pine and beech woodland are
separated from oak and grassland by the PC1 axis. However,
oak and grassland are separated by the PC1 axis, which was not
true for the average DOM concentration, as shown above. Pine
and beech, which are not separated by PC1, are well-separated
by PC2.
DOM molecular composition varied with the number of days
following the rewetting along PC2 (Figure 5). On the timerelated PC2, all vegetation types changed similarly over time
following rewetting. We observed an increase in AI(mod), and a
decrease in H/C, with a small contribution also from O/C and m/
z. However, C/N appears to have little to no correlation with the
temporal changes observed in DOM following rewetting.
The pattern of increasing and decreasing absolute intensities
in the van Krevelen space (H/C vs O/C elemental ratios) reﬂects
the results of the multivariate analysis (Figure 6). The major
trend is a decrease in relatively high H/C, low O/C sum formulae.
This supports our PCoA above, as this would cause an overall
increase in O/C and decrease in H/C (Figure 5). There are more
sum formulae decreasing than increasing over time after
rewetting. Many of the sum formulae that decrease over time
are found in the area of the van Krevelen space that is occupied
by common root exudates, implying that there is a release of root
exudates upon rewetting, which then decreases over time (43)
(Figure 6). However, this is only an indication as many different
compound classes of different origins can be found in the same
area of the van Krevelen space as common root exudates.
Although most of the high H/C sum formulae are decreasing
over time following rewetting, there is an increase in high H/C,
low O/C sum formulae in the lipidic region of the van Krevelen
space. This is also only an indication as many different types of
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TABLE 1 | Summary of the linear mixed models testing for factors signiﬁcantly inﬂuencing DOM concentration, DOM ﬂux and sample volume.
Added ﬁxed effect

c

p

c

32.4
3.3
51.1
48.3
98.3
5.4
64.1
5.7
129.3

<0.001
0.07
<0.001
<0.001
<0.001
0.07
<0.001
0.06
<0.001

27.4
12.3
32.4
80.5
20.7
8.6
91.4
2.3
27.3

2

null
Vegetation type
Sampling Depth
Period
Year
Vegetation type x period
Sampling depth x period
Year x period
Year x sampling depth
Year x vegetation type

DOM ﬂux (mg/m2)

DOM concentration (mg/L)
2

Sample volume (mL)

p

c2

p

<0.001
<0.001
<0.001
<0.001
0.002
0.014
<0.001
0.32
<0.001

12.9
8.46
34.9
103.6
7.9
5.3
43.6
3.39
15.6

0.005
0.004
<0.001
<0.001
0.25
0.07
<0.001
0.18
0.02

Period corresponds to dry, rewetting or moist periods. A year is a set of these three periods. The null model contains no ﬁxed effect but plot identity is included as a random effect.

hypothesised, the drought year caused a decrease in DOM
concentration. We also analyzed changes in DOM composition
during the rewetting period from a grassland and three forest
areas following rewetting in the drought year. The changes in
DOM composition from the initial point of rewetting onwards
indicated that there was a degradation of plant matter. We
attributed this to an initial release of non-microbially
processed plant matter such as root exudates and soluble lignin
breakdown products, which were processed by microorganisms
over time.
Wet and drought years caused a similar decrease in DOM
concentration compared to the normal year. At ﬁrst look, this
appears unexpected as it suggests a similar response of
ecosystems during wet and drought years, relative to normal
conditions. The DOM ﬂux gave us more insight into this. The
wet year had the greatest DOM ﬂux, indicating that the overall
decrease in concentration relative to the normal year is a result of
dilution as the collected sample volume was greater in the wet
year. Contrastingly, the drought year had the lowest DOM ﬂux,
suggesting that the observed decrease in DOM concentration
relative to the normal year was a result of decreased absolute
quantity of DOM. As plant growth is reduced under drought
conditions (45), we attributed the overall decrease in DOM to a
reduced input from plants under drought conditions. It could be
a direct link; less input of fresh plant matter contributing to the
DOM, therefore there is simply less DOM. Or it could be an
indirect link due to the creation of fewer “hotspots” of increased
microbial activity which would result in a reduction of the
priming of the microbial degradation of SOM and therefore a
decrease in the DOM concentration (46, 47). With the limits of a
correlative study from one site, we found a decrease in DOM
concentration with drought, which we attributed to reduced
input of plant matter.
The rewetting peak we observed during the normal year was
not present during the drought year, and was reduced during the
wet year. The DOM rewetting peak of the normal year was
evident in the elevated DOM concentration during the rewetting
period compared to other periods of the year (10, 13, 14). During
the wet year, there was no clear rewetting peak. However, a
rewetting peak may be hidden by the high DOM concentrations
present during the dry period, which were likely caused by

compound classes could be found in the same region of the van
Krevelen space (44). Most of the sum formulae increasing in
intensity over time are in the low H/C, high O/C area of the van
Krevelen space, which is often attributed to lignin and tannin
compounds, where there are also some sum formulae decreasing
in intensity over time (44). Despite the lack of a rewetting peak in
DOM concentration during the drought year, we suggest that the
rewetting peak was not completely suppressed and we observed
the DOM compositional changes that usually occur
following rewetting.

DISCUSSION
We analyzed the DOM concentration during different years,
including a drought year, to better understand the response of
ecosystems to drought. We expected the DOM concentration to
decrease with drought due to reduced plant productivity. As

FIGURE 2 | Average and standard deviation of DOM concentration between
years. Uppercase letters indicate statistically signiﬁcant differences between
years. Signiﬁcant differences were determined by linear mixed models and
Tukey-adjusted p-values for estimated marginal means (p < 0.05). Outlier
calculation was not performed as there is temporal and spatial variation within
each group which could be wrongly interpreted as outliers.
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FIGURE 3 | Average and standard deviation of DOM concentration in different years at 5 and 10 cm depth. Greek letters show statistically signiﬁcant differences in
DOM concentration within years. Lowercase letters indicate statistically signiﬁcant differences between the same period of different years. Periods indicate different
periods of the year. Signiﬁcant differences were determined by linear mixed models and Tukey-adjusted p-values for estimated marginal means (p < 0.05). Outlier
calculation was not performed as there is temporal and spatial variation within each group which could be wrongly interpreted as outliers.

conditions (17). This could be due to more extreme drought
conditions reducing the ability of plants to photosynthesise,
meaning less plant matter is released upon rewetting. This
could then have a knock-on effect on the DOM concentration
present during the moist period as fresh, plant matter stimulates
microbial activity and primes the degradation of SOM, both of
which increase the concentration of DOM (18, 46). Our earlier
observation that total DOM concentration is reduced during a
drought year supports this. The lack of a rewetting peak and low
overall DOM concentration indicates a potential long-lasting
effect of drought and reduced ability of plants to recover,
inﬂuenced by the reduced release of DOM during rewetting.
Sampling depth did not affect DOM concentration. At ﬁrst
glance this is unexpected as DOM concentration tends to
decrease with depth (48). However, the sandy soil of the
sampling site, which allows for faster percolation than less
sandy soils, and the small, 5 cm, difference between sampling
depths make this result less surprising. Depth did have an effect
on the DOM ﬂux. This is likely a result of the increased sample
volume collected at greater depth.
Vegetation type affected DOM concentration, and also
reacted differently to varying periods of the year and drought
intensity. This makes sense given that these were four different
vegetation types, which are likely to differ in the DOM
concentration present, and are expected to have varying
inputs over the course of a year (9, 49). Beech and pine
woodland had similarly high DOM concentrations, whereas
oak and grassland had similarly low DOM concentrations. This
may be inﬂuenced by the pH as more acidic soils are known to

multiple rewetting events elevating the average DOM
concentration of the dry period so that there was no relative
increase during the rewetting period. The decrease in DOM
concentration between the rewetting and moist periods supports
the presence of a rewetting peak, as it indicates the release of
DOM and its respective degradation. However, the overall
magnitude was lower than the normal year, which is in line
with previous studies where DOM concentration of the rewetting
peak decreased with greater initial soil moisture (15, 16). The
decreased magnitude could also be due to multiple rewetting
events depleting the available matter to be released as DOM
during the rewetting period. This suggests that the rewetting
peak following the normal summer drought is an ecosystem
response to kick-start the plant-soil-microorganism interaction,
which is not triggered to the same extent during a wet year. This
should mean that the rewetting period of the drought year has
the greatest DOM concentration. However, this contrasts with
our ﬁndings as we did not observe a rewetting peak during the
drought year. We also observed a relative decrease in DOM
concentration between the rewetting periods of the normal and
drought years. The lack of a rewetting peak during the drought
year suggests that the ecosystem response which produces a
rewetting peak during the wet and normal years is stunted when
there is a drought of similar severity to the extreme 2018 drought.
This means that the plant-soil-microorganism interaction, which
can aid drought recovery, is weakened (5, 19). The release of
SOM increases upon increasing dryness of the soil (15, 16) so the
absence of a rewetting peak in the drought year is likely caused by
a decreased input from plant matter, which is variable under dry
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DOM concentrations of this vegetation type. Vegetation that
produces more DOM is more tolerant to drought, so we may
see a different response in beech, where the DOM
concentration was highest, compared to the other vegetation
types (50). However, pine woodland also had high DOM
concentrations, yet behaved similarly to oak and grassland.
The DOM composition also plays an important role, as
investing resources into the microbial community can
accelerate soil microbial activity, leading to more plant
available nutrients, and therefore an increase in plant
recovery from drought (5, 19). Although this could indicate a
different response to drought between the vegetation types, this
may also be caused by site differences. We therefore assume that
the dependence of DOM concentrations during different
periods of the year and during different years on vegetation type
is caused by the different behavior of beech, although this may be
inﬂuenced by differences between sites, rather than vegetation types.
The DOM composition following rewetting after the 2018
drought was inﬂuenced more by vegetation type than by time
after rewetting. Aromaticity, C/N, molecular size and O/C varied
between vegetation types. Across vegetation types, DOM from
grassland had a lower C/N than the woodland areas, which has
previously been shown (51). This may be related to the DOM
concentration as, when C/N is high, microbially degradation of
DOM is limited, resulting in an increase in the DOM
concentration (49). Pine and beech woodland tended to have
DOM with more oxygen and a greater molecular size than oak
woodland and grassland; this has been previously reported to be
related to high DOM concentrations and low pH (11, 52). Pine
and beech woodland indeed have the highest DOM
concentrations and most acidic soils, which may be the cause
for the DOM compositional differences. However, beech

FIGURE 4 | DOM concentration at 5 and 10 cm depth of different vegetation
types. Letters show statistically signiﬁcant differences in DOM concentration
within vegetation types. Signiﬁcant differences were determined by linear
mixed models and Tukey-adjusted p-values for estimated marginal means
(p < 0.05). Outlier calculation was not performed as there is temporal variation
within each group which could be wrongly interpreted as outliers.

be related to higher DOM concentrations (11). However, the
sites with the greatest DOM concentrations also had the highest
litter layer depth, which could reﬂect a greater input of plant
matter. It could also be due to differences in soil moisture and
soil type between sites. The unique behavior of DOM
concentration during different periods of the year and during
different years in beech woodland may be related to the greater

FIGURE 5 | Principal coordinate analysis (PCoA) plot of sum formulae and their relative intensities at 5 and 10 cm depth. Color indicates the number of days following
rewetting from 0 to 98 days after the 2018 summer drought. “Days” is also plotted as an environmental variable to better visualize the overall trend. The weighted mean
of carbon to nitrogen ratio (C/N)w, mass to charge ratio (m/z)w, oxygen to carbon ratio (O/C)w, hydrogen to carbon ratio (H/C)w and modiﬁed aromaticity index (AI(mod))w (31)
are also plotted as environmental variables. All plotted environmental variables are signiﬁcant (p < 0.05) and, with the exception of “Days” were calculated using the weighted
mean as described in the “Date Analysis and Visualisation” section of “Materials and Methods”. Weighted average values for each sample are reported in Table S5.
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FIGURE 6 | Van Krevelen plot of sum formulae with a signiﬁcant correlation with time after rewetting (p < 0.05). Grey boxes indicate areas of the van Krevelen plot
that are commonly populated by certain compound classes (42). The area where common root exudates are found is marked by a dashed black line (41).

locations with thicker plant litter layer tended to have higher
DOM concentrations, suggesting a close relationship between
plant litter and DOM. However, the compounds that decreased
in abundance may be common root exudates (43). Regardless of
the source, the breakdown of plant matter and increasing
microbial activity during the rewetting period indicates that
the release of plant matter kick-starts plant-microorganism
interactions, which are reduced during drought (62). As plantmicroorganism interactions can aid plant recovery from drought,
our results indicate that the release of plant matter is important
in drought recovery (5, 19).
As we saw at the beginning, normal conditions, which include
a summer drought, cause an increase in the DOM concentration
compared to a wet year. Our DOM composition analysis suggests
that this is from plant matter kick-starting the plantmicroorganism-soil interaction, which then results in higher
DOM concentration over a longer period of time. However, in
the drought year, this was reduced, likely due to reduced ability
of plants to cope with drought conditions, resulting in no DOM
rewetting peak and a decrease in DOM concentration. This
indicates a role of plant matter during the rewetting period in
ecosystem recovery, which is reduced during drought years
compared to normal years. The plant matter may boost
microbial activity and therefore the plant-microorganism
interaction, which should be investigated further.

woodland had a more aromatic DOM composition than pine
woodland, likely due to the high lipidic content of pine needles.
The temporal changes in DOM composition support our
hypothesis that plant matter is released, then decomposed,
following rewetting. We observed an increase in the average
molecular size, that likely reﬂects the microbial decomposition of
small molecules, so that they were no longer detected, and the
subsequent microbial resynthesis of larger molecules (53). We
also observed an increase in aromaticity, a slight increase in O/C,
and an increase in lipid-like compounds over time, which is an
indication of the degradation of plant matter (21, 54, 55). The
degradation of lignin phenols, for example, leads to such changes
in DOM composition (56). This suggests that fresh plant matter
is being preferentially decomposed following rewetting,
increasing the relative abundance of more aromatic, SOM-like
compounds (55, 57, 58). Although abiotic processes such as
sorption may play a role, aromatic compounds are considered to
have greater sorption potential so should decrease over time,
whereas we observe an increase in aromaticity following
rewetting (59). This suggests that biotic processes cause the
temporal changes in DOM during the rewetting period. The
temporal changes in DOM composition between vegetation were
similar, which suggests that similar transformations of the DOM
are occurring in different vegetation types. The increase in lipidlike compounds suggests that there is an increase in microbial
activity, which has previously been reported to follow rewetting
(14, 60). This supports the DOM compositional changes that
indicated a release of plant matter, as “hotspots” of microbial
activity can be caused by the release of plant matter (46). Both
plant litter and root exudates can create “hotspots” of microbial
activity, which may be important in drought tolerance and
drought recovery of plants (19, 61). As discussed earlier,
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